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Abstract 
Edible wild plants growing in the area around the Fukushima Daiichi nuclear power plant remain contaminated. It is important to 
identify plants with low levels of contamination for the restoration of agriculture in the area. We collected specimens of 10 wild 
plant species growing in Iitate village which is one of the most highly contaminated areas and also sampled the soil beneath each 
plant. We measured the specific activity of 137Cs and the concentrations of Na, Mg, Al, Si, P, S, K, Ca, Fe, Zn, Rb and Sr in these 
samples using a germanium detector and PIXE analysis, respectively. We compared the soil-plant transfer coefficient of 137Cs 
with those of each element and determined their correlation with 137Cs. It was found that a low Sr transfer coefficient could be 
used to determine the plants with a low 137Cs transfer coefficient. We suggest that PIXE analysis is a useful analysis technique 
for agricultural remediation projects in highly contaminated areas around the Fukushima Daiichi nuclear power plant.  
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1. Introduction 
It is three years since the accident Fukushima Daiichi nuclear power plant caused by the large tsunami after the 
Great East Japan Earthquake on 11 March 2011. The Fukushima area has gradually been restored by the reduction of 
space dose rates due to soil decontamination, the natural decay of 134Cs (-half life of 2 years) activity, and the 
weathering effect (reduction of 10-20% per year [1]). The space dose rates in most locations in Fukushima 
year [2]. However, the space dose rate remains very high in the highly contaminated areas, to which the population 
now wishes to return.  
It has been announced on the web site of Fukushima prefecture [3] that the situation regarding contamination of 
foods produced in Fukushima prefecture has improved. Contamination levels in sacks of rice produced in Fukushima 
prefecture are routinely monitored, and, in 2013, only 70 of 10,000,000 sacks exceeded 100 Bq/kg. The activity of 
134,137Cs in vegetables and fruits cultivated in agricultural farms has also substantially decreased. However, 
134,137Cs contamination is still detected in plants grown in kitchen gardens, mountains, and fields. 
 In the near future, when the space dose will have decreased sufficiently, people will return to their original 
homes in the highly contaminated areas and resume agricultural practices. It will be necessary to cultivate 
agricultural plants that accumulate low levels of contamination. Such plants can be identified by studying the soil-
plant transfer coefficients of 137Cs. Many investigations of the concentration of radioisotopes in plants were 
conducted after the Chernobyl disaster (April, 1986) [4, 5, 6, 7, and 8]. Similar studies of wild plants are required in 
the Fukushima area because most of the highly contaminated areas are mountains and fields. The plants considered 
should be not only those that currently grow in the Fukushima area but also those found in locations worldwide, with 
a similar geology and climate to Fukushima. We used proton induced X-ray emission (PIXE) analysis to determine 
the soil-plant transfer coefficients of 137 Cs. In a previous study[9], we investigated four different wild plants 
collected at the same site in a highly contaminated area (Iitate village), and found a strong correlation between the 
concentration of Rb and 137Cs. In this study, we investigated 10 contaminated wild plants and soil samples from 
various locations in Iitate village. We identified the elements that could be used to identify plants with low soil-plant 
transfer coefficients of 137 Cs. 
 
2. Experimental Methods 
Based on our experience in measuring contamination of plants, wild plants are more contaminated than 
vegetables produced on farms. We collected wild plants growing in Iitate village, where the specific activity of soil 
. The wild plants were Solidago canadensis 
var. scabra, Persicaria longiseta, Bidens frondosa, Miscanthus sinensis, Setaria viridis, Sasa nippnica, Hydrangea 
macrophylla, Oenothera odorata, Cirsium oligophyllum, and Dendranthema grandiflorum. All of the plants were 
collected from different sites. Three to five plant samples were collected at each site. The sample weight was 100-
300 g. To determine the soil-plant transfer coefficients of various elements, we collected the soil under the sampled 
plants at 1-cm intervals to a depth of 5 cm from the ground surface, which was the approximate depth of the roots. 
 
2.1. J-ray measurements 
The wild plant specimens were dried and finely cut. The pieces were placed into a 250-cc plastic container and J-
rays from 134,137Cs radioisotopes in the sample were measured using a Canberra HPGe detector (relative 
efficiency >20%; resolution = 1.8 keV at 1.33 MeV) that was placed in the container and shielded with lead blocks 
of 120-mm thickness. Soil samples were dried and sieved, and then ground using a mortar before being placed into a 
polypropylene container (U-8 container: radius 50 mm, height 51 mm, volume 100 mL). 
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2.2. PIXE Analysis 
In the PIXE analysis, the plant samples were prepared using a chemical ashing method combined with an internal 
standard. The plant samples were dried and homogenized using an agate mortar. Nitric acid (1 mL) was added to 50 
mg of the homogenized sample taken from the agate mortar, together with indium (1000 μg/g) as an internal 
standard. The sample was heated twice for 3 min using a microwave oven (500 W). A 20-PL aliquot of the mixed 
solution sample was dropped on a backing film (4 μm-thick prolene) with a pipette, and dried at room temperature. 
The detailed procedure of the chemical ashing method is described in Ref. 10.  
For soil samples, palladium-carbon powder (5% palladium) was used as an internal standard. The soil sample 
was dried and ground into a fine powder (<30 μm) using an agate mortar. Then, palladium-carbon powder was 
added to a small amount of the powdered soil sample (50 mg) taken from the mortar to reach a concentration of 
10,000 μg/g, and homogenized using another agate mortar. The homogenized sample including the palladium-
carbon powder was mounted on a backing film (4-μm-thick prolene), and 3 mL of 20% collodion solution diluted 
with ethyl alcohol were dropped onto the sample for fixing. All the reagents used in this work were obtained from 
Wako Pure Chemical Industries Co., Ltd., Japan. 
 PIXE analysis was conducted by the use of 3-MeV proton beams generated by the 4.5-MV Dynamitron 
accelerator at Tohoku University. PIXE spectra for low x-ray energy were obtained using a PGT Si(Li) detector ( 
thickness of Be window = 7.5 μm; active area = 10 mm2; detector resolution = 129 eV at 5.9 keV) through a pinhole 
lead collimator of (hole diameter = 0.5 mm); and for high x-ray energy spectra were obtained using a PGT Si(Li) 
detector ( thickness of Be window = 12.5 μm; active area = 60 mm2, detector resolution = 148 eV at 5.9 keV). To 
detect the characteristic x-rays of heavier elements a 700-μm Mylar film (plant samples) and a 2100-μm Mylar film 
(soil samples) were used to reduce the intensity of the characteristic x-rays of light elements. The typical PIXE 
spectra (Solidago canadensis var. scabra) obtained in this study are shown in Fig.1, where the characteristic x-rays 
of heavier elements could not be measured in the left spectrum, but were recognized in the right spectrum. To 
estimate the concentrations of elements in a sample, the x-ray energy spectra of PIXE were analyzed using the 
GeoPIXE II software [11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. PIXE spectra of Solidago canadensis var. scabra)
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3. Result and Discussion 
3.1. Specific activity of 137Cs and its soil-plant transfer coefficient 
Tables 1a and 1b show the specific activities of 137Cs in wild plants and soil, respectively. The errors in the tables 
are the standard errors of the mean. The specific activities were very high for all plants, especially Dendranthema 
grandiflorum. The depth profiles of the specific activity of 137Cs in soil differed among the plants. During the 3 
years since the accident, particles containing 137Cs atoms have infiltrated into the ground from the surface.  
The soil-plant transfer coefficient from is calculated by: 
 
]/[         
]/[         
  
kgBqweightdrysoilofactivityspecific
kgBqweightdryplantofactivityspecific
tcoefficientransfer
䠅䠄
䠅䠄䚷                                               (1) 
 
 
Table 1a. Specific activities of 137Cs in plants. 
 
 
 
 
 
 
Table 1b. Specific activities of 137Cs in soil below plants 
 
 
 
Table 2 shows the soil-plant transfer coefficients (indicated as Trans. Coef.) for 137Cs in the plants investigated in 
this study. 
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Soil-plant transfer coefficients for radioisotopes have been investigated extensively and are summarized in the 2010 
IAEA handbook [12]. Even for the same species of plant, the exact soil-plant transfer coefficient depends on the 
environment, weather, soil, and other factors. 
 
Table 2. Transfer coefficients of 137Cs from soil to plants 
 
 
 
Soil-plant transfer coefficients for radioisotopes have been investigated extensively and are summarized in the 2010 
IAEA handbook [12]. Even for the same species of plant, the exact soil-plant transfer coefficient depends on the 
environment, weather, soil, and other factors.  
 
 
                 
 
Figure 2. Transfer coefficients of 137Cs from soil to plants.  The insert shows the Frequency of Transfer coefficients.  
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Figure 2 shows the soil-plant transfer coefficients of 137Cs for various plants. The coefficients are placed in order of 
size. Here, we compare recent data reported by Shyamal Ranjan Chakraborty et al. [13] and Hirofumi Tsukada et al. 
[14] with our findings and our previously reported data for Iitate village [9]. In this figure, the data for Allium cepa, 
Synedrella nodiflora, Chenopodium album, Amaranthus spinosus, Cynodon dactylon, Echinochloa crus-galli, 
solanum nigrum, Eleusine indica, Indian acalypha are from Shyamal Ranjan Chakraborty et al. [13], and were 
measured in contaminated soil from Chittagong City, Bangladesh, while data for Solanum lycopersicum, Daucus 
carota, Raphanus sativus var. longipinnatus, Cucumis melo, Brassica oleracea, and Solanum tuberosum are from 
Hirofumi Tsukada [14]. The transfer coefficients measured in Bangladesh were larger than those in Japan. The insert 
is a frequency histogram for the soil-plant transfer coefficients. The transfer coefficients reported in our previous 
study are treated as one sample in this figure, because they were obtained from plants collected at the same site and 
had approximately the same values. The transfer coefficients have a peak value at 0.02 - 0.03, which is consistent 
with the value of 0.03 reported by the IAEA in 1982 [15]. 
 
3.2.  Concentrations and soil-plant transfer coefficients of elements in wild plants 
The concentration of an element can be derived by comparing the characteristic x-ray yields of the element with 
those of an internal standard. Information regarding beam currents, beam spot size, the uniformity of ion beams on 
the target, size and uniformity of sample on the target, and the solid angle are not required in this internal standard 
method. From the PIXE spectra, we focused on the alkali metal elements of Na, K, and Rb, which are in the same 
chemical family as Cs; and the alkali earth metal elements of Mg, Ca and Sr, which are close to the alkali metals and 
essential elements of Si, P, S, Fe, and Zn that play an important role in plant metabolism. We used this method to 
estimate the concentrations of Na – Sr in the plants and the soil beneath each plant (Tables 3a and 3b, respectively). 
The errors in the tables are the standard errors of the mean. A high abundance of mineral elements was a feature of 
the wild (Table 3a). The concentrations of Na, Al, Si, K, Ca, and Fe in soil samples were high, and similar to those 
for general soil reported by H.J.M. Bowen [16]. 
 
Using these data, the soil-plant transfer coefficients were calculated by: 
][   in element     
][   in element     
  
ppmweightdrysoilofionconcentrat
ppmweightdryplantofionconcentrat
tcoefficientransfer
䠅䠄
䠅䠄䚷 
                                (2) 
Table 4 shows the soil-plant transfer coefficients for Na – Cs in the wild plants. Figure 3 shows frequency 
histograms of the soil-plant transfer coefficients for Na – Cs. Almost all of the elements have a peak in the 
frequency distribution. K and P have very large transfer coefficients. This is why these elements are used as 
chemical fertilizer. In contrast,, the Na, Fe, and Cs transfer coefficients were very small. These elements are 
considered to be toxic to plants, although trace amounts are needed for growth. 
 
Table 3a. Concentrations of Na ~ Sr in wild plant samples 
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Table 3b. Concentrations of Na ~ Sr in soil samples taken below the plants 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Transfer coefficients for elements of Na – Cs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               
                     
 
 
 
 
 
 
Figure 3.  Frequency histograms of the soil-plant transfer coefficients for Na – Cs.  
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3.3. Correlation between Sr and 137Cs in the soil-plant transfer coefficients 
The concentration of an element in a plant is strongly dependent on its concentration in the soil. Therefore, we 
considered the correlation between (Plant-element) and 137Cs from the perspective of the soil-plant transfer 
coefficient. The Sr transfer coefficients are plotted as a function of those of 137Cs in Fig. 4. We assumed linear 
relations to represent a correlation between the transfer coefficients. The dashed lines in Fig. 4 were used as a visual 
aid. If the soil-plant transfer coefficient of an element had a linear relation with that of 137Cs, we could determine 
which plants would have a low 137Cs transfer coefficient by identifying those plants with a low transfer coefficient 
of the element.  Because Na, Mg, Si, P, Ca, S, Fe, and Rb have low guideline values and displayed little variation, 
their transfer coefficients could not be used to identify plants with low 137Cs transfer coefficients. It was also not 
possible to use K and Zn. For Sr, a transfer coefficient of less than 0.05 facilitated identification of plants with a 
137Cs transfer coefficient of less than 0.02. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                        
Figure 4.  Sr vs. Cs transfer coefficients  
4. Conclusions 
As shown in Table 1a, the specific activities of plants produced in the highly contaminated areas remain very 
high. However, the peak of the soil-plant transfer coefficients of 137Cs at 0.02-0.03 in the frequency distribution 
shown in Fig. 2b can be used to suggest a criterion for removing decontaminated soil. To cultivate plants with 
contamination less than 100 Bq/kg, which is adopted as a safety standard in Japan, the level of contamination in soil 
should be less than 3,300 Bq/kg(dry weight)(=100 Bq/kg/0.03). The results shown in Table 1b suggest that the 
contaminated soil in the area investigated in this study should be removed to a depth much greater than 5 cm from 
the ground surface. In our previous study, the data obtained for four wild plants growing on the same site indicated  
that the concentration of 137Cs was not linearly related to that of Na, but was almost linearly related to that of Rb. 
We expected the same result for the 10 wild plants growing at different locations. A good linear correlation was 
found between Rb and 137Cs for most plants (but not plotted in Fig. 4). However, another correlation was observed: 
the transfer coefficient of Rb remained constant for some plants when the 137Cs transfer coefficient changed. The 
existence of this correlation prevented the identification of the low transfer coefficient of 137Cs in plants. However, 
in the Sr-Cs graph in Fig. 4, a good relation between Sr and Cs is apparent. By identifying plants with a low Sr 
transfer coefficient, plants resistant to 137Cs -contamination can be identified, which will be useful for the revival of 
agriculture in highly contaminated areas of Fukushima. 
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